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We investigate the surface electronic structure and thermodynamic stability of the SrTiO3 (111)
slabs using density functional theory. We observe that, for Ti-terminated slabs it is indeed possible
to create a two-dimensional electron gas (2DEG). However, the carrier density of the 2DEG displays
a strong thickness dependence due to the competition between electronic reconstruction and polar
distortions. As expected, having a surface oxygen atom at the Ti termination can stabilize the
system, eliminating any electronic reconstruction, thereby making the system insulating. An analysis
of the surface thermodynamic stability suggests that the Ti terminated (111) surface should be
experimentally realizable. This surface may be useful for exploring the behavior of electrons in
oxide (111) interfaces and may have implications for modern device applications.
PACS numbers: 73.40.-c, 31.15.E-, 71.28.+d, 81.05.Zx
I. INTRODUCTION
Since the discovery of a two-dimensional electron gas
(2DEG) at the LaAlO3/SrTiO3 (LAO/STO) interface,
1
oxide heterostructures have attracted renewed atten-
tion.2 In addition to having high carrier densities3 (3 ×
1014 /cm2) with mobilities as high as 104 cm2/(V·s),1
such a 2DEG is also the host to a wide variety of elec-
tronic phenomena, including superconductivity,4 mag-
netism,5 and Rashba spin-orbit coupling.6,7 These phe-
nomena, together with the demonstrated tunability of
interface conductivity through electric,8,9 chemical and
photosensitive means,10 offer promising potential for de-
vice applications with novel functionality.11,12 As a first
step, it is imperative to understand the nature and the
origin of the 2DEG.
In the LAO/STO system, it is now generally accepted
that the intrinsic 2DEG behavior is driven by the po-
larization discontinuity between the non-polar STO sub-
strate and the polar LAO film.1,13–19 Along the [001] di-
rection, the LAO film consists of alternating layers of
(LaO)+ and (AlO2)
−, which leads to a divergent elec-
trostatic potential, i.e., the so-called polar catastrophe.
Electronic reconstruction,13,20–25 which is facilitated by
the presence of transition metal ions, and polar distor-
tions,15,21,22,26,27 are the two main competing mecha-
nisms that counter this divergent potential. While polar
distortions screen the electrons at the interface or surface,
thereby partially compensating for the polar catastrophe,
electronic reconstruction cancels the divergent potential
through a transfer of charge between the interface and
the surface, with the excess charge partially occupying
the Ti 3d states, giving rise to a 2DEG. As such, a fun-
damental understanding of how these two effects compete
with each other is important for tuning the properties of
2DEGs at oxide heterointerfaces.
Motivated by the above question, in this article we in-
vestigate the surface electronic structure of STO (111)
slabs. Along the [111] direction, a STO slab consists
of alternating stacks of nominally charged (Ti)4+ and
(SrO3)
4− layers, which already lead to a divergent elec-
trostatic potential, even in the absence of a LAO over-
layer (Fig. 1). This is in sharp contrast to a STO (001)
slab, which consists of alternating charge neutral layers of
SrO and TiO2. Furthermore, the presence of multivalent
transition metal ions (Ti) suggests that electronic recon-
struction can also take place in STO (111). Hence, STO
(111) slabs offer us a unique opportunity for studying
both the polar distortion and electronic reconstruction
in a chemically homogeneous system.
Our work is also relevant to the recent experimental
and theoretical progress on oxide (111) interfaces and
surfaces. Experimental studies have reported the growth
of Ti-rich STO (111) surface28 and the creation of 2DEGs
at (111) interfaces in the LAO/STO system, with carrier
densities comparable to the [001] direction.29–31 Theoret-
ically, exotic topological phases such as the quantum spin
Hall state have also been predicted for cubic perovskite
(111) bilayers.32–35 Understanding the surface electronic
properties of the STO (111) slabs will have important
implications for these phenomena as well.
Using density functional theory (DFT), we study STO
(111) slabs of various thicknesses and different surface
terminations. We show that for Ti-terminated STO slabs
(Figs. 2a and 2b) it is indeed possible to create a 2DEG.
However, the carrier density of the 2DEG displays a
strong thickness dependence due to the competition be-
tween electronic reconstruction and polar distortion. Our
calculations suggest that relatively thick slabs ( 12 lay-
ers) are required to reach the ideal carrier density (2
electrons/surface unit cell) expected from the nominal
charge counting argument. In contrast, we find that the
TiO-terminated slab (Figs. 2c and 2d) exhibits no charge
transfer to the surface. This is because the surface oxy-
gen functions to nullify any potential that could develop
across the STO slab. A thermodynamic stability analy-
sis shows that the Ti-terminated STO slab can be stable,
albeit within a very narrow region of phase space. Our re-
sults show that both electronic reconstruction and polar
distortions must be taken into account when analyzing
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FIG. 1: (Color online) Schematic of charge density (ρ), electric field (E), and electrostatic potential (V ) profiles for the
Ti-terminated STO (111) slabs with (a) charge uncompensated ideal atomic coordinates, (b) charge uncompensated relaxed
atomic coordinates, (c) charge compensated ideal atomic coordinates and (d) charge compensated relaxed atomic coordinates.
For the relaxed atomic coordinates (b) and (d), the SrO3 layer (green block) splits into Sr (green line) and O3 (violet line)
layers. Z is the magnitude of the effective charge of each layer. Both polar distortions (b) and charge compensation due to
electronic reconstruction (c) can help reduce the divergent electrostatic potential, and the net effect is less than Ze/2 electrons
transferred between the surfaces (d).
the 2DEG behavior for (111) and (110) interfaces.29
II. METHODOLOGY
In this work we examine STO (111) slabs with various
thickness and two surface terminations: Ti (top)/SrO3
(bottom)-terminated (referred to as Ti-terminated) and
TiO(top)/SrO2(bottom) terminated (referred to as TiO-
terminated). Both are depicted in Fig. 2.
The electronic ground-state calculations were per-
formed using DFT with the local density approximation
(LDA) for exchange and correlation as implemented in
the quantum espresso simulation package.36 We em-
ploy ultrasoft pseudopotentials37 including semicore elec-
trons for O (2s2p), Sr (4s4p5s) and Ti (3s3p4s3d). To
account for strong electronic correlations we use a Hub-
bard U term (LDA+U).38 For all calculations, a Hubbard
U = 5 eV for Ti d states was found to be appropriate.
For each slab a 1×1 in-plane periodicity with a vacuum
region of ∼15 A˚ was used. A cutoff energy of 80 Ry and a
Monkhorst-Pack special k-point mesh of 8×8×1 for the
Brillouin zone integration was found to be sufficient to
obtain less than 10 meV/atom convergence. We applied
a dipole correction39,40 to set the electric field in the vac-
uum region to zero. Structural optimizations were per-
formed by fixing the in-plane lattice constant to that of
the theoretical bulk STO lattice constant (a0 = 3.85A˚).
All ions were then relaxed until the Hellmann-Feynman
forces were less than 10 meV/A˚.
To analyze the thermodynamic stability of different
surface terminations, we adopt a symmetric slab ap-
proach, i.e., the same termination on both sides. The
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FIG. 2: (Color online) Layer-by-layer structure of the n=6
STO (111) slab. (a) Top and (b) side view of the Ti-
terminated STO (111) slab. (c) Top and (d) side view of the
TiO-terminated STO (111) surface. Green, Blue and Black
represent Sr, Ti and O ions, respectively. The five possibili-
ties for placing the extra O atom on the Ti termination are
also labeled in (c), and the energetically favorable position is
marked by Red in both (c) and (d).
thermodynamic analysis was performed using the gen-
eralized gradient approximations (GGA), as it usually
gives more accurate formation energies, relative to ex-
periments, than LDA.
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FIG. 3: (Color online) (a) Layer-dependent DOS and (b) the
electronic band structure for the Ti-terminated STO (111)
slab with 6 layers. There are two bands crossing the Fermi
level; the top layer conduction band (green) consists mainly of
Ti d states, and the bottom layer valence band (red) consists
mainly of O p states.
III. ELECTRONIC STRUCTURE
A. Ti-Termination
We first consider the ideal Ti-terminated STO (111)
slab, which consists of alternating stacks of Ti and SrO3
layers with nominal charges of +4 and −4, respectively.
Figure 3a shows the typical layer-projected DOS for a
slab with 6 layers of SrTiO3 unit. We observe the oc-
currence of a surface metallic state for the top surface
layer (Ti surface). This is similar to the results for the
STO (110) surface41 and with previous semi-empirical
Hartree-Fock calculations for the STO (111) surface.42,43
The atomic projected DOS indicates that these surface
states are comprised mainly of Ti s and d orbitals. The
excess electrons are derived from the depletion of the va-
lence band of the bottom layer due to the depopulation
of O p orbitals. This can be clearly seen from the orbital
dependent electronic band structure, shown in Fig. 3b.
The dispersive energy bands clearly indicate that those
excess charges are mobile carriers.
The number of excess electrons (holes) at the surface
is obtained by performing an integration of the layer-
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FIG. 4: (Color online) The total charge transferred between
the surfaces as a function of thickness for relaxed (red) and
unrelaxed (black) system.
averaged orbital projected DOS in a small neighborhood
below (above) the Fermi level.17 (N.B. this typically un-
derestimates the electron count relative to the total DOS
by ∼0.1 e−.) For the 6-layer slab, we found a total trans-
fer of 0.7 electrons per surface unit cell. However, if
electronic reconstruction is the only working mechanism,
nominal charge counting dictates that there should be
two electrons per unit cell transferred from the SrO3 sur-
face to the Ti surface (Fig. 1c). This is a strong indication
of the vital role polar distortions21,22,26 play in avoiding
the polar catastrophe in oxide heterostructures.14,15.
To analyze the effect of the polar distortions, we have
calculated the total transferred charge between the sur-
face layers for different layer thicknesses for both the re-
laxed and the unrelaxed systems (Fig. 4). There are two
main features. First, there is a critical thickness (3 lay-
ers) above which electronic reconstruction between the
surfaces takes place, as indicated by the appearance of a
2DEG. Second, we observe a smooth increase in trans-
ferred charge with a thickness dependence for the relaxed
system, which is in sharp contrast to the abrupt increase
of transferred charge with very little thickness depen-
dence for the unrelaxed system. We also note that for
the unrelaxed structure, the transferred charge is very
close to 2 electrons per unit cell.
The origin of the critical thickness can be explained
by comparing this situation to the LAO/STO (001) het-
erostructure counterpart. It is well established that for
these systems above an overlayer thickness of 3 layers,
there is an occurrence of a 2DEG.8 There the polar catas-
trophe is built up in the LAO overlayer and electronic re-
construction occurs when the divergent potential exceeds
the band gap of STO. A similar effect occurs for the STO
(111) slab. When the slab is thick enough to make the
divergence in potential comparable to the band gap an
electronic reconstruction occurs. This is clearly seen in
4our results for the unrelaxed surfaces (Fig. 4). In these
systems, we observe a transfer of two electrons between
the surfaces once the layer thickness is beyond a critical
thickness of 2 layers. This is very abrupt and as immedi-
ate as the closing of the band gap and is a consequence
of the fact that the electronic reconstruction is the only
mechanism available for countering the polar catastrophe
in the unrelaxed slabs.
More interestingly, the thickness dependence of the
magnitude of the charge transfer can be attributed to
the effect of polar distortions. Figures 5a and 5b depict
the layer-by-layer off-center (polar) distortions, ∆z, of
Sr and Ti atoms, respectively, for Ti-terminated slabs of
varying STO thicknesses. As can be seen from Fig. 5,
the net effect of the (111) surface geometry and the Ti-
termination is to polarize the individual layers of SrO3
and Ti layers relative to their respective oxygen cages.
For all slab thicknesses, we find that in the middle of the
slab there is a nearly constant shift of Ti and Sr relative to
their corresponding oxygen layers, with the magnitude of
the displacements decreasing with slab thickness. More
important are the large off-center displacements for the
surface Ti cations. Figure 5c shows a schematic of the
effect of relaxation for 6 layers of the Ti-terminated STO
slab with the percentage relaxation calculated which em-
phasizes the large surface distortions (N.B. these large
relaxations are similar to other oxides).
The net effect of such surface dipoles is to counter the
divergent potential across the slab. As the thickness of
the slabs increase, however, we observe a decrease in the
magnitude of these distortions. Below three layers the
polar distortions are able to completely cancel out the
polar catastrophe. As the thickness is increased, it be-
comes more energetically favorable to have an increase
in the transferred charge and a decrease in polar distor-
tion. We infer from the trend in Fig. 4 that for very thick
STO slabs, the total amount of transferred electrons will
converge to two electrons per unit cell after relaxation,
just like in the case of the unrelaxed system. The com-
petition between the electronic reconstruction and polar
distortion is illustrated in Fig. 1.
B. TiO-Termination
Next we consider the TiO-termination of the STO
(111) slab, which is made by transferring one O atom
from the bottom SrO3 terminated surface to the top Ti
terminated surface, as shown in Figs. 2c and d. When we
remove one O atom from the SrO3 layer, the 6 identical
O sites around the Sr atom are broken into a group of 4
identical sites and 2 identical O ”vacant” sites. To iden-
tify the most stable location for placing the O atom on
the Ti termination, we compared the energies of 5 possi-
ble high symmetry sites as shown in Fig. 2c, and found
that the O vacant site (1) is the preferred site.
We are interested in this situation because according
to the polar catastrophe argument, one should not expect
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FIG. 5: (Color online) Polar distortions for the Ti-
terminated STO (111) slab for layer thickness n = 6, 9 and 12,
relative to the SrO3 bottom layer. (a) Split between Sr and
O3 in SrO3 layers. (b) Off-centering of Ti relative to planes
of O anions above and below Ti. Surface Ti off-centering is
computed relative to bulk positions. (c) A schematic of the
effect of relaxation for the case of Ti-termination with 6 layers
of STO.
FIG. 6: The total DOS for 6 layers of the TiO-terminated
STO (111) slab.
any significant electron transfer between the surfaces as
the transfer of one O atom between the surfaces should
stabilize the system. An analysis of the total DOS (see
total DOS for 6 layers of STO in Fig. 6) confirms that the
system is indeed insulating for all STO layer thicknesses
studied (n = 6, 9, 12).
From this we note that there is no charge transfer be-
tween any bulk layers, similar to the Ti-terminated case.
Nevertheless, we find a striking difference between the
TiO- and Ti-terminated surfaces. In particular, in the
case of the TiO-terminated surfaces there are no elec-
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FIG. 7: (Color online) Polar distortions for the TiO-
terminated STO (111) slab for layer thickness n = 6, 9 and
12, relative to the SrO2 bottom layer. (top) Split between Sr
and O3 in SrO3 layers. (bottom) Off-centering of Ti relative
to planes of O anions above and below Ti.
trons transferred between the surface layers. Here, the
polar catastrophe is avoided without any contribution
from electronic reconstruction, unlike the case of the Ti-
termination.
The atomic relaxation for each STO layer for different
layer thickness of STO for the TiO-termination is shown
in Fig. 7. Here we see that, unlike the Ti-terminated
slabs, the bulk Ti and Sr cations exhibit negligible off-
center displacements. Such displacements are indicative
of having a reduced electric potential across the slab.
However a larger polar distortion develops on the top-
most plane of Ti ions, which is a local relaxation effect.
To conclude, the effect of polar distortion in this case is
much less compared to the Ti-termination (Fig. 5) as the
transfer of one oxygen atom is effective in screening the
polarization, with the help of some local relaxation. This
is in agreement with the observation of the lack of charge
transfer for different thicknesses for this system.
IV. THERMODYNAMIC STABILITY
The imminent question is the relative thermodynamic
stability of these different surface terminations. In this
section we analyze the thermodynamic stability of the
various terminations of the STO (111) surface, following
the formalism proposed by F. Bottin et.al.41 The energy
required to split a crystal in half with complementary sur-
faces is called the cleavage energy. The cleavage energy
(Ecl) per surface area for the unrelaxed Ti/SrO3 termina-
tions and unrelaxed TiO/SrO2 terminations respectively
are defined in the following
E
Ti/SrO3
cl =
1
2S
(ETislab + E
SrO3
slab − nEbulk) ,
E
TiO/SrO2
cl =
1
2S
(ETiOslab + E
SrO2
slab − nEbulk) ,
(1)
TABLE I: The unrelaxed cleavage energy, relaxation energy
and surface energy in J/m2 for different terminations.
SrO3 Ti SrO2 TiO
Ecl 6.62 6.62 4.58 4.58
Erel -0.27 -1.45 -1.54 -1.69
Φλ 6.36 5.17 3.04 2.89
where Ebulk stands for the total energy of the bulk STO
system, n the total number of STO layers and S denotes
the surface area. Here Eλslab is the energy of λ termina-
tion, with λ being either Ti, SrO3, TiO or SrO2.
Since the cleavage energy does not distinguish between
the two complementary surfaces, we define the surface
energy, Φλ, which is a measure of the stability of the
surface with respect to bulk as:
Φλ =
1
2S
[Eλslab −NTiEbulk − EmolO2 /2(NO − 3NTi)
− EbulkSr (NSr −NTi)] .
(2)
Table I shows the cleavage energy, relaxation energy and
the surface energy for different terminations. The values
for cleavage energy are in good agreement with previous
first principles calculations for STO (111) surfaces.44
However this definition of surface energy excludes the
possibility of contact with matter reservoir. Hence we
compute the surface grand potential,
Ωλ =
1
2S
[Eλslab −NTiµTi −NSrµSr −NOµO] , (3)
which is a measure of the excess energy of a symmetric
system exposing a termination of a given composition, to
a reservoir. The quantities µTi, µSr, µO in Eq. (3) are the
chemical potentials of the Ti, Sr and O atomic species,
respectively, and NTi, NSr, NO are the number of Ti, Sr
and O atoms in the slab. The chemical potential of the
bulk STO system (µSrTiO3) can be written as the sum of
chemical potentials of individual species in the crystal:
µSrTiO3 = µSr + µTi + 3µO . (4)
When the surface is in equilibrium with the bulk, we have
µSrTiO3 = Ebulk. Using this and Eq. (4) we can rewrite
the surface grand potential in Eq. (3) as:
Ωλ =
1
2S
[Eλslab −NTiEbulk − µO(NO − 3NTi)
− µSr(NSr −NTi)] .
(5)
From this we observe that the range of accessible val-
ues for the surface grand potential depends on the maxi-
mum and minimum values of µSr and µO chemical po-
tentials. The possible variations in µ reflect the ex-
perimental growth conditions. Under the O rich con-
dition µO = E
molecule
O2
/2 and for the Sr rich condition
µSr = E
bulk
Sr . Defining ∆µO = µ
SrTiO3
O −EmoleculeO2 /2 and
∆µSr = µ
SrTiO3
Sr − EbulkSr we obtain
6SrO2
Ti
TiO
Sr rich
O richO poor
Sr poor
FIG. 8: (Color online) Stability diagram of the STO (111)
surface. The most stable termination is shown as a function
of the chemical potential of O and Sr.
Ωλ = Φλ − 1
2S
[∆µO(NO − 3NTi) + ∆µSr(NSr −NTi)] .
(6)
The ranges of the two independent parameters, ∆µO
and ∆µSr can be determined using the following set of
conditions. In order to avoid the elements precipitating
into Sr bulk, Ti bulk and oxygen gas, the upper bounds
are set by ∆µSr, ∆µTi & ∆µO ≤ 0. The lower bounds
are obtained using:
∆µSr + 3∆µO > −EfSrTiO3 , (7)
where the formation energy (EfSrTiO3) is defined as
−EfSrTiO3 = EbulkSrTiO3−EbulkTi −EbulkSr −
3
2
EmoleculeO2 . (8)
Figure 8 shows the relative stability of different ter-
minations in the (∆µO,∆µSr) plane after computing Ω.
The shaded area shows the region in the chemical poten-
tial phase space where a particular termination is most
stable. We observe that the SrO2-SrO2 termination is
most stable under O and Sr rich condition. When µSr
is lowered, the TiO-TiO termination becomes the most
stable surface. However for low oxygen pressure, there is
also a region where the Ti termination is stable, which
implies that it is possible to observe the effect of elec-
tronic reconstruction by tuning the experimental condi-
tions for STO (111) surface. It should be noted that for
the STO (111) surface a stable Ti-rich surface has al-
ready been observed (albeit without any knowledge of O
content).28 Nevertheless, these results highlight the pos-
sibility of creating the Ti-terminated surface and may
have specific consequences for the electronic states that
could be created at a heterostructure interface.
V. CONCLUSION
In summary, we have studied STO (111) slabs of var-
ious thicknesses and different surface terminations using
density functional theory. We observe that for the Ti-
SrO3 terminated STO (111) slab there is charge redis-
tribution which is dominated by the transfer of electrons
from the SrO3 terminated surface to the Ti surface, giv-
ing rise to a metallic surface states for this configura-
tion. The carrier density of the 2DEGs display a strong
thickness dependence due to the competition between
electronic reconstruction and polar distortions. In com-
parison, for the TiO-terminated surface, no such surface
states exist and the compensation mechanism is domi-
nated by the new surface boundary conditions created
by the transfer of an O ion from one surface to the other.
By studying the relative stability of these different termi-
nations we observe that the Ti termination can indeed be
stabilized depending upon the experimental conditions.
Naturally, the ability to tune the magnitude of charge
transfer/compensation at an oxide surface/interface has
consequences on numerous applications including surface
catalysis and oxide electronics as well as important impli-
cations for novel phenomena such superconductivity and
magnetism in confined dimensions.
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